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The large array of peptides presented to CD8+ T cells by major histocompatibility complex (MHC) class I
molecules is referred to as the MHC class I immunopeptidome. Although the MHC class I
immunopeptidome is ubiquitous in mammals and represents a critical component of the immune system,
very little is known, in any species, about its composition across most tissues and organs in vivo. We applied
mass spectrometry (MS) technologies to draft the ﬁrst tissue-based atlas of the murine MHC class I
immunopeptidome in health. Peptides were extracted from 19 normal tissues from C57BL/6 mice and
prepared for MS injections, resulting in a total number of 28,448 high-conﬁdence H2Db/Kb-associated
peptides identiﬁed and annotated in the atlas. This atlas provides initial qualitative data to explore the
tissue-speciﬁcity of the immunopeptidome and serves as a guide to identify potential tumor-associated
antigens from various cancer models. Our data were shared via PRIDE (PXD008733), SysteMHC Atlas
(SYSMHC00018) and SWATH Atlas. We anticipate that this unique dataset will be expanded in the future
and will ﬁnd wide applications in basic and translational immunology.
Design Type(s)
mass spectrometry data analysis objective • peptide mapping • biomolecular
annotation design
Measurement Type(s)
mass spectrometry assay measuring MHC ligand processing and presentation of
MHC ligands eluted from cellular MHC
Technology Type(s) SWATH MS protein proﬁling assay
Factor Type(s) allele information • cell line • tissue
Sample Characteristic(s)
Mus musculus • brain • colon • kidney • liver • lung • small intestine
• bladder organ • heart • spleen • stomach • testis • thymus • ovary
• uterus • melanoma cell line • immortal mouse lymphocyte cell line cell •
glioma cell line • Lewis lung carcinoma cell line • Kidney • Liver • bone
marrow • pancreas • adrenal tissue • zone of skin • spinal cord
1Department of Immunology, Interfaculty Institute for Cell Biology, University of Tübingen, Tübingen 72076,
Germany. 2Immatics Biotechnologies GmbH, 72076 Tübingen, Germany. 3German Cancer Research Center
(DKFZ) partner site Tübingen, 72076 Tübingen, Germany. 4Department of Biology, Institute of Molecular Systems
Biology, ETH Zurich, Zurich 8093, Switzerland. 5Department of Neurology and Brain Tumor Center, University
Hospital Zurich and University of Zurich, 8091 Zurich, Switzerland. 6Institute for Systems Biology, Seattle,
Washington 98109, USA. 7Faculty of Science, University of Zurich, 8006 Zurich, Switzerland. *These authors
contributed equally to this work. Correspondence and requests for materials should be addressed to R.A. (email:
aebersold@imsb.biol.ethz.ch) or to E.C. (email: caron@imsb.biol.ethz.ch).
OPEN
Received: 19 February 2018
Accepted: 18 June 2018
Published: 7 August 2018
www.nature.com/scientificdata
SCIENTIFIC DATA | 5:180157 | DOI: 10.1038/sdata.2018.157 1
Background & Summary
T cells are an essential cell type for next-generation vaccines and immunotherapies1. T cells recognize
antigens in the form of short peptides presented by MHC (human leucocyte antigen [HLA] in humans)
molecules — collectively referred to as the MHC ligandome/peptidome or immunopeptidome2–4. Robust
and comprehensive immunopeptidomic proﬁling of primary cells and tissues is therefore of great
importance for the development of effective T-cell based immunotherapies5.
The cellular immunopeptidome is composed of thousands of MHC-associated peptides—each peptide
ranging in abundance between approximately 1 and 10,000 copies per cell6. The immunopeptidome can
be divided into two main categories: the MHC class I and the MHC class II immunopeptidome. The latter
is composed of peptides of 10-25 amino acids in length that are mainly presented on a subset of
professional antigen presenting cells. In contrast, the class I immunopeptidome is composed of peptides
presented on the surface of virtually any nucleated cell. Class I peptides are generally of 8-12 amino acids
in length7,8. In mammals, the composition of the immunopeptidome is complicated by the high diversity
of allelic forms9. Each allelic form can present a different set of peptides that are characterized by the
presence of allele-speciﬁc anchor residues, known as MHC binding motif10. In humans, more than 17,600
alleles have been documented (IPD-IMGT/HLA Database; December 2017; http://hla.alleles.org/alleles/
index.html) and up to six class I and eight class II alleles can be expressed per cell in each individual. In
mouse, >200 alleles are expressed among the most commonly used mouse strains (http://www.imgt.org/
IMGTrepertoireMHC/Polymorphism/haplotypes/mouse/MHC/Mu_haplotypes.html), and up to two
class I and two class II alleles can be expressed per cell in each mouse strain. Even though the
composition of the immunopeptidome is highly complex in nature, the deployment of robust technology
platforms has facilitated the deciphering of the immunopeptidome at increasing depth and robustness5,11.
MS is most widely used due to its capability of identifying and quantifying MHC-associated peptides in
an accurate, systematic and unbiased manner12. In fact, many immunopeptidomics studies have
demonstrated the ability of MS workﬂows to identify thousands of MHC-associated peptides from
various biological sources in human, mouse and other species13–23. Those studies led to a better and
systematic understanding of antigen presentation and provided direct physical evidence for the existence
of tumor-speciﬁc peptides. Nevertheless, only a handful of studies have reported detailed information
about the composition of the immunopeptidome in healthy cells and tissues. More speciﬁcally,
immunopeptidomic analyses of normal thymic cells24,25, peripheral blood mononuclear cells26, and
spleen and lymph nodes3,27 have been documented. Thus, basic information about the identity,
abundance and distribution of MHC-associated peptides across normal tissues and organs in healthy
humans, mice or other species is still largely missing in the literature.
Open and comprehensive reference maps in life sciences, including tissue-based maps, are increasingly
beneﬁcial for the scientiﬁc community28–32. Similarly, the creation of comprehensive maps of the
immunopeptidome in human, mouse, and other species would be of great value for both understanding
health and diagnosing, monitoring and treating immune diseases5. Given the advances in MS technology
over the last decade, the availability of protocols for the isolation MHC-associated peptides from multiple
species and tissue types, and the relatively less complex composition of the immunopeptidome in mouse
models (in comparison with humans), we reasoned that the time was ripe to initiate a systematic effort to
draft the ﬁrst MS-based atlas of the murine MHC class I immunopeptidome in health using a commonly
used mouse strain. To this end, we used data-dependent acquisition (DDA) MS to generate
immunopeptidomic data from 19 tissues of healthy C57BL/6 mice. They express both H2Db and
H2Kb class I molecules (Fig. 1a). We also mapped the immunopeptidome of four C57BL/6-derived cancer
cell lines and used an open and evolving computational pipeline to process the data. Several stringent
ﬁlters to generate a list of high-conﬁdence H2Db/Kb class I peptides for individual tissues and cell lines
were applied. All raw/unﬁltered MS data as well as H2Db/Kb peptide spectral libraries — which consist of
consensus spectra calculated from repeat measurement of the same peptide sequence — are made
publicly available for re-use and re-processing by the community for in-depth interrogation of the dataset
(Fig. 1b). In summary, the present study provides a unique resource for basic and translational
immunologists to navigate the baseline immunopeptidome in mouse. An open reference map of the
murine immunopeptidome in health is valuable for i) basic and translational immunologists to rapidly
identify disease-speciﬁc MHC peptide antigens — through comparison of peptides found in the reference
map versus those identiﬁed in disease cells — and ii) computational scientists to access a rich source of
data to support technical benchmarking of future studies to develop or test new algorithms for
immunopeptidomic analyses. In addition, this reference map, together with its connection with SWATH
Atlas, lays down the foundation to perform robust quantitative analysis of the murine immunopeptidome
using next-generation SWATH/Data-independent acquisition (DIA)-MS technologies26,33.
Methods
Mouse tissues and cell lines
Adrenal gland, bladder, bone marrow, brain, colon, heart, kidney, liver, lung, ovary, pancreas, small
intestine, skin, spinal cord, spleen, stomach, testis, thymus, and uterus were extracted from C57BL/6 male
or female mice (Annotation Table, Data Citation 1). The EL4, LLC1 (LL/2) and B16F10 cell lines were
obtained from ATCC. The GL261 cell line was obtained from DSMZ. All cell lines were cultured in
DMEM with GlutaMAX-1 supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin and 10%
www.nature.com/sdata/
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fetal bovine serum. B16F10 was treated with IFNγ (200 U/mL) for 24 h to increase the cell surface
expression of H2Db and H2Kb molecules.
Isolation of MHC class I-associated peptides
H2Db- and H2Kb-associated peptides were isolated by a conventional immunoafﬁnity puriﬁcation
method using the monoclonal antibodies B22-249.R1 and Y-3, respectively22. For generating the tissue-
based map of the murine MHC class I immunopeptidome, the tissue/organs from ﬁve to six mice were
pooled together before isolating MHC-peptide complexes for any given tissue (Annotation Table, Data
Citation 1). For each cell line used in this study, ~109 cells were grown before isolating MHC-peptide
complexes. The cell surface abundance of MHC proteins was also quantiﬁed for each cell line using the
QIFIKIT quantiﬁcation ﬂow cytometric assay, as previously described34.
DDA mass spectrometry
Fragment ion spectra of the respective MHC class I peptide preparations were acquired on an Orbitrap
Fusion Lumos and/or a Triple TOF 5600+ (see below) operated in DDA mode. For retention time (RT)
normalization and spectral library generation, peptides from the iRT Kit (Biognosys AG, Schlieren,
Switzerland) were added to the samples prior to MS injection according to vendor instructions35 (Data
Citation 2).
For Lumos data (Annotation Table, Data Citation 1), peptides were separated on an Acclaim PepMap
RSLC C18 column (250 mm x 75 um i.d., 2 Å particle size; ThermoFisher Scientiﬁc) using a ﬂow rate of
300 nl min-1 and a linear gradient of 4–29.6% aqueous ACN (with 0.1% formic acid) in 120 min. Full
mass spectra were acquired with the Orbitrap analyser operated at a resolving power of 120,000 (at m/z
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Figure 1. Schematic overview of the experimental and computational workﬂow used to generate and
analyze the data. (a) 19 different tissues from C57BL/6 mice were extracted (Table 1) (Annotation Table, Data
Citation 1). H2Db and H2Kb-associated peptides were isolated independently by immunoafﬁnity puriﬁcation
using the monoclonal antibodies B22-249.R1 and Y-3, respectively. Eluted peptides were identiﬁed by different
LC-MS/MS systems in DDA mode. (b) MS output ﬁles were converted, searched, and statistically validated
using the indicated software tools. The identiﬁed peptides were then clustered (GibbsCluster v.1) and annotated
by length and predicted MHC binding afﬁnity (NetMHC v.4). The ﬁnal list of high-conﬁdence MHC-
associated peptides were used to build high-quality H2Db- and H2Kb-speciﬁc peptide spectral and assay
libraries, which were deposited and shared via SysteMHC Atlas and SWATH Atlas, respectively.
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200). MS/MS spectra were acquired in both HCD and CID mode with a normalized collision energy of
27%. Precursors were selected in the "top speed" mode with a cycle time of 3 s. Fragment ions (charge
state 2-6+) were accumulated up to an AGC target value of 50,000 with a maximum injection time of 54
ms and the option "Inject ions for all available parallelizable time" enabled, and were detected in the
Orbitrap analyzer at a resolution of 30,000 (at m/z 200). Dynamic exclusion was enabled for 30 s after a
selection event with a tolerance of± 10 p.p.m.
For Triple TOF 5600+ data, (Annotation Table, Data Citation 1). Samples were separated on an
Eksigent nanoLC system coupled with an AB SCIEX Triple TOF 5600+ System. The samples were
separated in a 75 μm-diameter PicoTip emitter (New Objective, Woburn, MA) packed with 20 cm of
Magic 3 μm, 200 Å C18 AQ material (Bischoff Chromatography, Leonberg, Germany). The loaded
peptides were eluted from the column at a ﬂow rate of 300 nl/min and a linear gradient of 2–35% aqueous
ACN (0.1% formic acid) over 120 min. The mass spectrometer was operated in DDA top20 mode, with
500 and 150 ms acquisition time for the MS1 and MS2 scans respectively, and 20 s dynamic exclusion.
MS/MS spectra were acquired in CID mode. Rolling collision energy with a collision energy spread of 15
eV was used for fragmentation.
Database search engines, statistical validation, high-conﬁdence ﬁlters and spectral library
generation
Raw mass spectrometry ﬁles were converted into the mzXML format by msConvert36. The mzXML ﬁles
were then individually searched using Comet37, MSGF38 and X!Tandem39 against the full non-redundant,
canonical mouse genome as annotated by the UniProtKB/Swiss-Prot (2014_02) with 20,270 ORFs and
appended iRT peptides and reversed decoy sequences. Oxidation at methionine residues was the only
variable modiﬁcation allowed. We used default search settings for all the engines with the following key
parameters: Precursor tolerance was set to ±20 p.p.m., high accuracy fragment ion tolerance was set to
±0.02 Da for Comet and 20 p.p.m. for X!Tandem, and digestion speciﬁcity was set to unconstrained. The
search identiﬁcations from different search engines were then combined and statistically scored using
PeptideProphet and iProphet within the TPP (4.8.0), as previously described40. The probabilities
estimated by iProphet was cut at 1% FDR. Then, all 8, 9-mers (for H2Kb) and all 9-11-mers (for H2Db)
were clustered using GibbsCluster (v1.0)41 to visualize MHC binding motifs enriched in the dataset. To
select the ﬁnal list of high-conﬁdence H2Db- and H2Kb-associated peptides, strict cut-off criteria were
applied: FDR 1% (peptide-spectrum match level); 8–9 and 9–11 amino acids in length for H2Kb and
H2Db peptides, respectively; and IC50o500 nM (NetMHC v4.0). Spectral libraries were generated by
SpectraST using the list of high-conﬁdence H2Db/Kb peptides, with default consensus library building
parameters, as previously described26. H2Db- and H2Kb-speciﬁc peptide spectral libraries were then
combined and generated on the peptide atlas level that contains consensus spectra of peptides from
different samples. For a given allele-speciﬁc spectral library, the same peptide ions generated under
various fragmentation methods (CID Orbitrap, CID TOF and HCD) were speciﬁed and kept separated as
different library entries. The generated spectral libraries were further converted into TraML format and
archived in SWATH Atlas for SWATH/DIA-MS analysis.
Data Records
The accession number for the DDA-MS data (raw and centroided mzXML and identiﬁed peptides in
pepXML report) used to generate the spectral libraries have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository42 with the
dataset identiﬁer PXD008733 (Data Citation 2). Raw and mzXML ﬁles are also accessible via the
SysteMHC Atlas repository (https://systemhcatlas.org/)40 with the dataset identiﬁer SYSMHC00018. The
H2Db- and H2Kb-associated peptide spectral libraries (SpectraST format) and assay libraries (CSV,
TraML) are available for different SWATH/DIA-MS data analysis tools at SWATH Atlas (http://www.
swathatlas.org/). Spectral libraries are also accessible at SysteMHC Atlas (https://systemhcatlas.org/
speclibs). The lists of all peptides (unﬁltered and ﬁltered) are available in ﬁgshare (https://ﬁgshare.com/s/
5436fdcdb908000a49d5) (Data Citation 1).
Technical Validation
MS-based identiﬁcation of high-conﬁdence H2Db- and H2Kb-associated peptides in 19
tissues of healthy mice
The draft map of the murine MHC class I immunopeptidome was generated from 19 different C57BL/6
tissues extracted under steady-state conditions (Fig. 1,Table 1 and Methods). H2Db- and H2Kb-peptide
complexes were isolated by immunoafﬁnity puriﬁcation using the B22-249.R1 and the Y-3 antibody,
respectively. Peptides were acid-eluted and acquired in DDA mode using different MS instruments
(Table 1). Following acquisition of data from 280 MS runs, ∼4.8 million MS/MS spectra were searched
using a uniform and well-tested computational pipeline26,40 (Fig. 1b) and yielded assignments of 681,357
and 850,396 peptide ions with iProphet probability P≥ 0.9 and P> 0.0, respectively.
Next, we considered all 7–14 mers identiﬁed at FDR 1%, resulting in a total number of 81,058 peptides
(Supplementary Figure 1) (List of unﬁltered H2Db peptides (7–14 mers), Data Citation 1) (List of
unﬁltered H2Kb peptides (7–14 mers), Data Citation 1). We then applied very strict conﬁdence ﬁlters (see
www.nature.com/sdata/
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Methods) to remove potential non-MHC binding contaminant peptides. As an example, we observed that
after ﬁltering, 72% of all 9-mer H2Db peptides and 81% of all 8-mer H2Kb peptides (FDR 1%) identiﬁed
from spleen tissue were predicted to have a strong MHC binding afﬁnity with IC50o500 nM
(Supplementary Figure 2a). Similarly, 80% of all 9-mer H2Db peptides and 80% of all 8-mer H2Kb
peptides (FDR 1%) identiﬁed from heart tissue were predicted to have a strong MHC binding afﬁnity
with IC50o500 nM (Supplementary Figure 2m). These data and similar data from other tissue types
indicate that the antibodies that were used in this study are relatively speciﬁc and the proportion of high-
conﬁdence H2Db/Kb-associated peptides that were identiﬁed from different tissue types was generally
high and varied only slightly. Data to calculate the proportion of high-conﬁdence H2Db/Kb-associated
peptides per tissue and cell type are available in (List of unﬁltered H2Db peptides (7-14 mers), Data
Citation 1) (List of unﬁltered H2Kb peptides (7-14 mers), Data Citation 1). Longer peptides (i.e.>11
amino acids for H2Db and>9 amino acids for H2Kb) or peptides predicted to bind H2Db/Kb with a lower
afﬁnity (IC50>500 nM) were considered in this study as low-conﬁdence H2D
b/Kb peptides–although they
might still be genuine H2Db/Kb-associated peptides–and were therefore not included for downstream
analysis and spectral library generation.
After ﬁltering the whole dataset, the number of high-conﬁdence H2Db/Kb-associated peptides
identiﬁed per tissue demonstrated a high variability that ranged from 146 (spinal cord tissue) to 3,263
(spleen tissue) with an average number of 1,497 peptides (Fig. 2c). The different amounts of tissues (in
grams) used for immunoprecipitation as well as sample handling may have contributed to this large
difference in the number of identiﬁed peptides. Nevertheless, we observed that the number of high-
conﬁdence peptides identiﬁed per tissue generally correlated with the abundance of MHC class I proteins
previously reported from the same mouse tissues (Supplementary Figure 3)43. Overall 15,645 (2,693
unique) high-conﬁdence H2Db-associated peptides (FDR 1%, 9–11 amino acids, IC50o500 nM) and
12,803 (2,594 unique) H2Kb-associated peptides (FDR 1%, 8–9 amino acids, IC50o500 nM) were
identiﬁed (Fig. 2). The identiﬁed peptides mapped to 4,050 of the mouse UniProtKB/Swiss-Prot proteins.
Sample type Amount (g) MS instrument Nbr. MS injections
Spleen Tissue 1.91 Lumos + TTOF 26
Liver Tissue 15.98 Lumos + TTOF 22
Intestine Tissue 12.42 Lumos + TTOF 27
Lung Tissue 7.71 Lumos + TTOF 20
Thymus Tissue 1.57 Lumos + TTOF 15
Kidney Tissue 6.33 Lumos + TTOF 22
Colon Tissue 5.53 Lumos + TTOF 22
Uterus Tissue 1.06 Lumos + TTOF 17
Bone marrow Tissue NA Lumos 4
Skin Tissue 3.84 Lumos 4
Testis Tissue 2.94 Lumos + TTOF 13
Adrenal gland Tissue 0.64 Lumos 4
Bladder Tissue 0.29 Lumos + TTOF 12
Heart Tissue 0.91 Lumos + TTOF 18
Brain Tissue 9.4 Lumos + TTOF 24
Ovary Tissue 0.36 Lumos + TTOF 12
Stomach Tissue 1.51 Lumos + TTOF 10
Pancreas Tissue 0.13 Lumos 4
Spinal cord Tissue NA Lumos + TTOF 4
Lymphoma EL4 cell line 109 cells Lumos + TTOF 10
Lewis lung carcinoma LLC1 cell line 109 cells Lumos 14
Malignant glioma GL261 cell line 109 cells Lumos 10
Melanoma B16F10 cell line 109 cells Lumos 20
Total 334
Table 1. Overview of normal tissues and tumor cell lines used to generate the draft map and spectral
libraries. The Orbitrap Fusion Lumos (Lumos) and the Triple TOF 5600 (TTOF) were used to generate the
data in both HCD/CID and CID mode, respectively. The full sample annotation is provided in (Annotation
Table, Data Citation 1). All data ﬁles are available at (Data Citation 1) and (Data Citation 2). NA indicates that
the amount of tissue was not available.
www.nature.com/sdata/
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Of note, 36.4 and 27.4% of all the high-conﬁdence H2Db- and H2Kb-associated peptides were not shared
across tissues but were rather exclusively detected in one particular tissue (Table 2). In contrast, a
relatively small proportion of the measured H2Db immunopeptidome (0.2%) and H2Kb immunopepti-
dome (1.9%) was shared across all the 19 tissues (Table 2). For instance, the H2Kb-associated peptides
INFDFPKL and VNFEFPEF were found in all the 19 tissues whereas the H2Db-associated peptides
AAITNGLAM and HSVINQAVM were found exclusively in the brain. It is important to emphasize,
however, that the proportion of tissue-shared and tissue-speciﬁc peptides mentioned above were not
calculated from quantitative and normalized values. In fact, it is very likely that the low coverage overlap
described above would have increased signiﬁcantly if larger amounts of tissues–for those expressing lower
levels of MHC molecules–would have been used for immunoprecipitation. In future studies, it will be
important to consider the absolute abundance of MHC molecules per tissue type and adjust/normalize
the amounts of starting material accordingly to investigate in a more rigorous manner the tissue-
speciﬁcity of the MHC class I immunopeptidome. Additional factors such as sample handling, yield of
the immunoafﬁnity puriﬁcation procedure per tissue type, and limits of detection (LOD) and
quantiﬁcation (LOQ) of mass spectrometers used for identifying MHC-associated peptides would also
need to be considered. Taken together, these results delineate the ﬁrst draft map of the murine H2Db/Kb
class I immunopeptidome in health and provide initial qualitative data to further explore the tissue-
speciﬁcity of the immunopeptidome.
A reference map of the murine MHC class I immunopeptidome in health guides identiﬁcation
of potential tumor-associated antigens (TAAs)
The rapid and robust identiﬁcation of TAAs or tumor-speciﬁc antigens is relevant for the development of
cancer vaccines, and the generation of a reference map of the MHC class I immunopeptidome in health
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Figure 2. Identiﬁcations of high-conﬁdence H2Db/Kb-associated peptides from 19 normal mouse tissues.
(a) Pie chart indicating the total number of high-conﬁdence H2Db- and H2Kb-associated peptides that were
identiﬁed across all tissues. (b) Graphs showing the high proportion of high-conﬁdence H2Kb- (upper panel)
and H2Db- (lower panel) peptides with a predicted MHC binding afﬁnity (IC50) below 125 nM. The binding
motifs for H2Kb- and H2Db-associated peptides were illustrated. (c) Histogram showing the distribution of
high-conﬁdence H2Db/Kb-associated peptides identiﬁed per mouse tissue.
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supports identiﬁcation of such peptide antigens5,34,44. In this regard, we compared the list of peptides
found in the 19 healthy mouse tissues to those found in several in vitro tumor models. More speciﬁcally,
we proﬁled the H2Db/Kb immunopeptidome of four different cancer types from four widely used
C57BL/6 tumor-derived cell lines: 1) EL4 cells (lymphoma), 2) LLC1 cells (Lewis lung carcinoma),
3) GL261 cells (malignant glioma) and 4) B16F10 cells (melanoma). In summary, 3,282 unique high-
conﬁdence H2Db/Kb-associated peptides were identiﬁed in the four tumor cell lines, 2,552 peptides were
shared between the healthy tissues and the tumor cell lines, and 730 (22%) peptides were exclusively
observed in the tumor cell lines (Fig. 3a) (List of high-conﬁdence H2Db peptides, Data Citation 1) (List
of high-conﬁdence H2Kb peptides, Data Citation 1). The presence of tumor cell line-speciﬁc peptides
was also noted. For instance, 28 peptides and 49 peptides were exclusively identiﬁed in GL261 and
B16F10 cells, respectively (Supplementary Figure 4). Those peptides might be classiﬁed as glioma- and
melanoma-associated antigens, respectively, if further tested and validated. Thus, a reference map of the
murine immunopeptidome in health guides identiﬁcation of potential TAAs in model cell lines. We
envision that a comprehensive reference map of the murine immunopeptidome in health will ﬁnd
application in tumor immunology and beyond, e.g. in immunopathology to identify a wide variety of
disease-speciﬁc peptide antigens.
H2Db/Kb peptide spectral libraries saturation analysis
Comprehensive and robust quantitative analysis of the immunopeptidome is important to 1) identify new
immunotherapeutic targets, 2) better understand the relationship between T cells and MHC-presenting
cells, and 3) potentially identify immunopeptidomic biomarker signatures in normal and disease cells
from sample cohorts. Building high-quality peptide spectral libraries was demonstrated to be an efﬁcient
procedure to support robust quantitative analysis of immunopeptidomes using advanced MS techniques,
i.e. SWATH/DIA26,33,40. To estimate the status of our initial mapping effort and to support robust
quantitative analysis of the murine MHC class I immunopeptidome, we created H2Db/Kb-speciﬁc peptide
spectral libraries and we plotted the cumulative number of distinct H2Db/Kb peptides as a function of the
number of MS2 spectra acquired on the mass spectrometer (Fig. 3b). Each data point on the curve
represents an added injection/experiment, and the experiments are presented in chronological order of
data acquisition (Order of injection for H2Kb peptides, Data Citation 1) (Order of injection for H2Db
peptides, Data Citation 1). The graphs indicate that new H2Db/Kb peptides were continuously identiﬁed
as additional MS/MS spectra were collected, suggesting that new peptides will probably be discovered in
future experiments, as saturation has not been reached using the presently available technology.
Therefore, collecting more data from new experiments (e.g. additional cell lines, additional primary
Tissue categories H2Kb peptides (%) H2Db peptides (%)
1 tissue 979 (36.4) 710 (27.4)
2 tissues 377 (14.0) 313 (12.1)
3 tissues 219 (8.1) 205 (7.9)
4 tissues 141 (5.2) 129 (5.0)
5 tissues 113 (4.2) 120 (4.6)
6 tissues 100 (3.7) 133 (5.1)
7 tissues 104 (3.9) 136 (5.2)
8 tissues 97 (3.6) 109 (4.2)
9 tissues 82 (3.0) 97 (3.7)
10 tissues 75 (2.8) 88 (3.4)
11 tissues 81 (3.0) 73 (2.8)
12 tissues 53 (2.0) 80 (3.1)
13 tissues 56 (2.1) 61 (2.4)
14 tissues 43 (1.6) 45 (1.7)
15 tissues 55 (2.0) 53 (2.0)
16 tissues 41 (1.5) 63 (2.4)
17 tissues 37 (1.4) 56 (2.2)
18 tissues 35 (1.3) 75 (2.9)
19 tissues 5 (0.2) 48 (1.9)
Total 2693 (100) 2594 (100)
Table 2. Number of tissue-speciﬁc (1 tissue) and tissue-shared (2-19 tissues) H2Kb- and H2Db-
associated peptides identiﬁed in this study. The proportion of peptides per tissue categories is indicated in
parenthesis.
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tissues, new experimental conditions, new protocols and MS technologies) will be needed to enable
comprehensive and robust quantitative analysis of the murine MHC class I immunopeptidome in the
future. In addition, we anticipate that absolute quantitative analysis of immunopeptidomes—i.e. absolute
quantiﬁcation of MHC molecules as well as absolute and systematic quantiﬁcation of individual MHC-
associated peptides per cell and tissue type—will become essential to rigorously assess the completeness of
this initial mapping effort.
Sharing H2Db/Kb peptidomic data via SysteMHC Atlas
We anticipate that the dataset generated in this study will be widely used by basic and translational
immunologists as well as computational mass spectrometrists. Therefore, an important goal here is to
share our immunopeptidomics MS-related data at many different levels of processing. Speciﬁcally,
we provide raw and converted mzXML ﬁles, lists of high-conﬁdence peptides (iProphet results)
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Figure 3. Analysis of high-quality H2Db/Kb-speciﬁc peptide spectral libraries generated from healthy
mouse tissues and tumor cell lines. (a) Venn diagram showing the overlap between high-conﬁdence H2Db/
Kb-associated peptides identiﬁed from 19 healthy tissues and 4 tumor cell lines used in this study. (b)
Cumulative number of MS/MS spectra acquired versus cumulative number of distinct high-conﬁdence H2Db/
Kb peptides identiﬁed. Each data point represents an added injection/MS experiment, and the experiments are
presented in a chronological order of data acquisition (see Order of injection for H2Kb peptides; Data Citation
1 and Order of injection for H2Db peptides; Data Citation 1). (c) Histogram indicating the number of distinct
peptide ions that were generated from normal tissues using different fragmentation methods (i.e. Orbitrap CID,
HCD and CID-QTOF). High-quality MHC allele- and fragmentation-speciﬁc peptide spectral libraries were
generated using SpectraST. (d) Venn diagram showing the overlap between high-conﬁdence H2Db/Kb-
associated peptides generated from normal tissues using different fragmentation methods. (e) Screenshot of
SysteMHC Atlas (https://systemhcatlas.org/). The raw MS output ﬁles, the peptide sequences and the spectral
libraries are accessible at SysteMHC Atlas with the dataset identiﬁer SYSMHC00018.
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and H2Db/Kb peptide spectral libraries, all available for download from the SysteMHC Atlas (Fig. 3)
(H2Db/Kb peptides used for spectral library generation, Data Citation 1).
The SysteMHC Atlas is a new public data repository that serves as a community resource toward the
generation of high-quality comprehensive maps of immunopeptidomes and the support of consistent
measurements of immunopeptidomic sample cohorts40. Until now, the SysteMHC Atlas contains 540
sample/context- and 39 MHC allele-speciﬁc peptide spectral libraries (37 HLA and 2 H2b), all available
for download from the web interface. Moreover, the H2Db- and H2Kb-speciﬁc peptide spectral libraries
generated in this study were both converted into TraML ﬁles for robust quantitative analysis of
immunopeptidomes using SWATH/DIA-MS, as described previously26,45. TraML ﬁles are available at
SWATH Atlas (www.swathatlas.org). Notably, three separate fragmentation-speciﬁc libraries were
created: 1) CID and 2) HCD using the Orbitrap Fusion Lumos, and 3) CID-QTOF using the Triple TOF
5600+ (Fig. 3c). Different fragmentation methods are complementary and can be used to enhance the
identiﬁcation success rate of MHC-associated peptides and to thus increase immunopeptidome coverage
(Fig. 3d). More importantly, the CID-QTOF-, CID- and HCD-speciﬁc spectral libraries support the high-
throughput targeted analysis of SWATH/DIA immunopeptidomic data generated by these different
fragmentation methods.
In the future, we foresee that continuous development of SysteMHC Atlas for effective sharing and re-
analysis of immunopeptidomic datasets will be key to comprehensively deﬁne the composition and
complexity of the murine immunopeptidome. For instance, we envisage that re-analysis of raw MS data
using advanced peptide sequencing algorithms might unveil the presence of non-canonical MHC-
associated peptides, e.g. proteasome-spliced peptides46,47 (https://www.biorxiv.org/content/biorxiv/early/
2018/03/26/288209.full.pdf), which would be of particular relevance for the development of peptide-based
vaccines and immunotherapies in precision medicine48.
Usage notes
The lists of peptides provided in ﬁgshare (Data Citation 1) may differ from the ones available at
SysteMHC Atlas (https://systemhcatlas.org)40. The SysteMHC computational pipeline used to generate
the peptide lists is subjected to periodic upgrades and the resulting data may be different from the original
publication. To ensure reproducibility of the results, we have introduced a database versioning system
and the current build version is 180409 (year/month/date). Current and past builds can also be
downloaded at: https://systemhcatlas.org/Builds_for_download/. This information is also available in the
‘ABOUT’ section of the SysteMHC Atlas website.
References
1. Koff, W. C., Gust, I. D. & Plotkin, S. A. Toward a Human Vaccines Project. Nat. Immunol. 15, 589–592 (2014).
2. Istrail, S. et al. Comparative immunopeptidomics of humans and their pathogens. Proc. Natl. Acad. Sci. USA 101,
13268–13272 (2004).
3. Fugmann, T., Sofron, A., Ritz, D., Bootz, F. & Neri, D. The MHC Class II Immunopeptidome of Lymph Nodes in Health and in
Chemically Induced Colitis. J. Immunol. 198, 1357–1364 (2017).
4. Caron, E. et al. The MHC I immunopeptidome conveys to the cell surface an integrative view of cellular regulation. Mol. Syst.
Biol. 7, 533–533 (2011).
5. Caron, E., Aebersold, R., Banaei-Esfahani, A., Chong, C. & Bassani-Sternberg, M. A Case for a Human Immuno-Peptidome
Project Consortium. Immunity 47, 203–208 (2017).
6. Granados, D. P., Laumont, C. M., Thibault, P. & Perreault, C. The nature of self for T cells — a systems-level perspective. Curr.
Opin. Immunol. 34, 1–8 (2015).
7. Neefjes, J., Jongsma, M. L. M., Paul, P. & Bakke, O. Towards a systems understanding of MHC class I and MHC class II antigen
presentation. Nat. Rev. Immunol. 11, 823–836 (2011).
8. Rock, K. L., Reits, E. & Neefjes, J. Present Yourself! By MHC Class I and MHC Class II Molecules. Trends Immunol. 37,
724–737 (2016).
9. Maccari, G. et al. IPD-MHC 2.0: an improved inter-species database for the study of the major histocompatibility complex.
Nucleic Acids Res. 45, D860–D864 (2017).
10. Falk, K., Rötzschke, O., Stevanovic, S., Jung, G. & Rammensee, H.-G. Allele-speciﬁc motifs revealed by sequencing of self-peptides
eluted from MHC molecules. Nature 351, 290–296 (1991).
11. Kumari, S. et al. Alloreactive cytotoxic T cells provide means to decipher the immunopeptidome and reveal a plethora of tumor-
associated self-epitopes. Proc. Natl. Acad. Sci. USA 111, 403–408 (2014).
12. Caron, E. et al. Analysis of Major Histocompatibility Complex (MHC) Immunopeptidomes Using Mass Spectrometry. Mol. Cell.
Proteomics 14, 3105–3117 (2015).
13. Schittenhelm, R. B., Lim Kam Sian, T. C. C., Wilmann, P. G., Dudek, N. L. & Purcell, A. W Revisiting the arthritogenic peptide
theory: Quantitative not qualitative changes in the peptide repertoire of HLA-B27 allotypes. Arthritis Rheumatol 67,
702–713 (2015).
14. Bassani-Sternberg, M., Pletscher-Frankild, S., Jensen, L. J. & Mann, M. Mass spectrometry of human leukocyte antigen class I
peptidomes reveals strong effects of protein abundance and turnover on antigen presentation. Mol Cell Proteomics 14,
658–673 (2015).
15. Bassani-Sternberg, M. et al. Soluble plasma HLA peptidome as a potential source for cancer biomarkers. Proc. Natl. Acad. Sci.
USA 107, 18769–18776 (2010).
16. Mommen, G. P. M. et al. Expanding the detectable HLA peptide repertoire using electron-transfer/higher-energy collision
dissociation (EThcD). Proc. Natl. Acad. Sci. USA 1411, 507–4512 (2014).
17. Granados, D. P. et al. Impact of genomic polymorphisms on the repertoire of human MHC class I-associated peptides. Nat.
Commmun 5, 3600 (2014).
18. Abelin, J. G. et al. Mass Spectrometry Proﬁling of HLA-Associated Peptidomes in Mono-allelic Cells Enables More Accurate
Epitope Prediction. Immunity 46, 315–326 (2017).
www.nature.com/sdata/
SCIENTIFIC DATA | 5:180157 | DOI: 10.1038/sdata.2018.157 9
19. Ritz, D. et al. High-sensitivity HLA class I peptidome analysis enables a precise deﬁnition of peptide motifs and the identiﬁcation
of peptides from cell lines and patients' sera. Proteomics 16, 1570–1580 (2016).
20. Hassan, C. et al. The human leukocyte antigen-presented ligandome of B lymphocytes. Mol Cell Proteomics 12, 1829–1843
(2013).
21. Barth, S. M. et al. Characterization of the Canine MHC Class I DLA-88*50101 Peptide Binding Motif as a Prerequisite for Canine
T Cell Immunotherapy. PLoS ONE 11, e0167017 (2016).
22. Gubin, M. M. et al. Checkpoint blockade cancer immunotherapy targets tumour-speciﬁc mutant antigens. Nature 515,
577–581 (2014).
23. Chheda, Z. S. et al. Novel and shared neoantigen derived from histone 3 variant H3.3K27M mutation for glioma T cell therapy. J.
Exp. Med. 215, 141–157 (2018).
24. Fortier, M.-H. et al. The MHC class I peptide repertoire is molded by the transcriptome. J. Exp. Med. 205, 595–610 (2008).
25. Adamopoulou, E. et al. Exploring the MHC-peptide matrix of central tolerance in the human thymus. Nat. Commun 4,
2039 (2013).
26. Caron, E. et al. An open-source computational and data resource to analyze digital maps of immunopeptidomes. eLife 4 (2015).
27. Sofron, A., Ritz, D., Neri, D. & Fugmann, T. High-resolution analysis of the murine MHC class II immunopeptidome. Eur. J.
Immunol. 46, 319–328 (2016).
28. Papatheodorou, I. et al. Expression Atlas: gene and protein expression across multiple studies and organisms. Nucleic Acids Res.
46, D246–D251 (2018).
29. Wilhelm, M. et al. Mass-spectrometry-based draft of the human proteome. Nature 509, 582–587 (2015).
30. Uhlen, M. et al. Tissue-based map of the human proteome. Science 347, 1260419–1260419 (2015).
31. Rosenberger, G. et al. A repository of assays to quantify 10,000 human proteins by SWATH-MS. Sci. Data 1, 140031 (2014).
32. Rozenblatt-Rosen, O., Stubbington, M. J. T., Regev, A. & Teichmann, S. A. The Human Cell Atlas: from vision to reality. Nature
550, 451–453 (2017).
33. Ritz, D., Kinzi, J., Neri, D. & Fugmann, T. Data-Independent Acquisition of HLA Class I Peptidomes on the Q Exactive Mass
Spectrometer Platform. Proteomics 17, 1700177 (2017).
34. Schuster, H. et al. The immunopeptidomic landscape of ovarian carcinomas. Proc. Natl. Acad. Sci. USA 114, E9942–E9951
(2017).
35. Escher, C. et al. Using iRT, a normalized retention time for more targeted measurement of peptides. Proteomics 12,
1111–1121 (2012).
36. Chambers, M. C. et al. A cross-platform toolkit for mass spectrometry and proteomics. Nat. Biotechnol. 30, 918–920 (2012).
37. Eng, J. K., Jahan, T. A. & Hoopmann, M. R. Comet: An open-source MS/MS sequence database search tool. Proteomics 13,
22–24 (2012).
38. Kim, S. & Pevzner, P. A. MS-GF+ makes progress towards a universal database search tool for proteomics. Nat. Commun 5,
5277 (2014).
39. Craig, R., Cortens, J. P. & Beavis, R. C. Open Source System for Analyzing, Validating, and Storing Protein Identiﬁcation Data.
J. Proteome Res. 3, 1234–1242 (2004).
40. Shao, W. et al. The SysteMHC Atlas project. Nucleic Acids Res. 46, D1237–D1247 (2018).
41. Andreatta, M., Alvarez, B. & Nielsen, M. GibbsCluster: unsupervised clustering and alignment of peptide sequences. Nucleic Acids
Res. 45, W458–W463 (2017).
42. Vizcaíno, J. A. et al. (2016) update of the PRIDE database and its related tools. Nucleic Acids Res. 44, D447–D4562016.
43. Geiger, T. et al. Initial Quantitative Proteomic Map of 28 Mouse Tissues Using the SILAC Mouse. Mol. Cell. Proteomics 12,
1709–1722 (2013).
44. Kowalewski, D. J., Stevanovic, S., Rammensee, H.-G. & Stickel, J. S. Antileukemia T-cell responses in CLL-We don't need no
aberration. Oncoimmunology 4, e1011527 (2015).
45. Faridi, P., Aebersold, R. & Caron, E. A ﬁrst dataset toward a standardized community-driven global mapping of the human
immunopeptidome. Data Brief 7, 201–205 (2016).
46. Delong, T. et al. Pathogenic CD4 T cells in type 1 diabetes recognize epitopes formed by peptide fusion. Science 351,
711–714 (2016).
47. Liepe, J., Marino, F., Sidney, J., Jeko, A. & Bunting, D. E. A large fraction of HLA class I ligands are proteasome-generated spliced
peptides. Science 354, 354–358 (2016).
48. Mishto, M. & Liepe, J. Post-Translational Peptide Splicing and T Cell Responses. Trends Immunol. 38, 904–915 (2017).
Data Citations
1. Heiko, S. et al. Figshare https://doi.org/10.6084/m9.ﬁgshare.c.4118675 (2018).
2. Heiko, S. et al. PRIDE PXD008733 (2018).
Acknowledgements
We thank Alexander Leitner, Ludovic Gillet and Ben Collins for instrument maintenance as well as all
members of the Aebersold laboratory for discussions. H.-G.R. acknowledges the Deutsche Forschungs-
gemeinschaft, Collaborative Research Center 685, the German Cancer Consortium (DKTK), and the
European Research Council Advanced Grant “Mutaediting.” R.A. acknowledges the following grant
support: TBVAC2020 (2-73838-14), ERC grant Proteomics v3.0 (ERC-2008-AdG_20080422), ERC
Proteomics 4D (670821) and the Swiss National Science Foundation (3100A0-688 107679). T.W.
acknowledges the Swiss National Science Foundation (323630_164218) and the Swiss Cancer Research
Foundation (MD-PhD-3558-06-2015).
Author Contributions
T.W. and O.P. extracted the mouse tissues. H.-G.R., P.R., M.W., R.L.M., E.W.D. and R.A. edited the
manuscript. E.C. and H.S. designed the study and generated the data. W.S., P.P., and D.S.C. analysed the
data. E.C. wrote the manuscript with contributions from all authors.
Additional Information
Supplementary information accompanies this paper at http://www.nature.com/sdata
Competing interests: The authors declare no competing interests.
www.nature.com/sdata/
SCIENTIFIC DATA | 5:180157 | DOI: 10.1038/sdata.2018.157 10
How to cite this article: Schuster, H. et al. A tissue-based draft map of the murine MHC class I
immunopeptidome. Sci. Data 5:180157 doi: 10.1038/sdata.2018.157 (2018).
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 Interna-
tional License, which permits use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless indicated otherwise in
a credit line to the material. If material is not included in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/
The Creative Commons Public Domain Dedication waiver http://creativecommons.org/publicdomain/
zero/1.0/ applies to the metadata ﬁles made available in this article.
© The Author(s) 2018
www.nature.com/sdata/
SCIENTIFIC DATA | 5:180157 | DOI: 10.1038/sdata.2018.157 11
